[1] We investigated deep slip rates along the Longmen Shan fault zone where the devastating 2008 M7.9 Wenchuan earthquake occurred using repeating earthquake data recorded by two digital seismic networks near the fault. Using cross-correlation analysis of waveform data, we identified a total of 231 doublets and 224 multiplets that have highly similar waveforms. Most of these sequences are aperiodic with recurrence intervals varying from a few minutes to hundreds of days. For each multiplet, we first constructed a reference seismogram at each station and used it to measure the delay time of the P and S waves of each event within the cluster. We used the delay times to determine the relative distances between each event and the cluster centroid. The relative distances were used in screening repeating events in each multiplet. We identified a total of 12 repeating earthquake clusters in the source region of the M7.9 Wenchuan earthquake. Most of the clusters are located at the edge of locked areas where large coseismic slips were observed during the 2008 Wenchuan earthquake, suggesting a close spatial relationship between microearthquakes and impending large devastating earthquakes. The measured in situ deep slip rates appeared to increase with depth and varied from 3.5 to 9.6 mm/yr at depth range of 4-18 km. They are approximately twice as large as those inferred from surface GPS and geological data. Our results here have significant implications to the understanding of faulting as well as risk assessment of seismic hazards.
Introduction
[2] The May 12, 2008, M7.9 Wenchuan Earthquake was the strongest and most devastating earthquake that struck China in the past thirty years. The earthquake ruptured within an imbricate thrust fault system developed as the frontal part of the Longmen Shan range between the steep eastern margin of the Tibetan Plateau and the western edge of the Sichuan Basin (Figure 1 ). The Tibetan Plateau is an actively deforming block resulting from the collision between Indian and Asia. GPS measurements in the region indicated that the Bayan Har block, as one of the active sub-blocks in the Tibetan Plateau, is moving toward northeast, at a rate of ∼21 mm/yr (Figure 1 ) [Zhang et al., , 2004 . It is, however, unclear whether these surface measurements reflect the subsurface slip rates within the range before the earthquake [Densmore et al., 2007] .
[3] Repeating earthquakes are a series of special earthquakes regularly occurring almost at the same place. These earthquakes usually have approximately the same magnitude with roughly the same repeating interval. They are commonly interpreted as repeated ruptures of a single asperity owing to the concentration stress caused by aseismic slips in the surrounding area [Vidale et al., 1994; Nadeau et al., 1995; Beeler et al., 2001] . The asperity is completely locked during the interseismic period. It is likely that small and isolated asperities within the aseismic slipping area are responsible for the occurrence of repeating microearthquakes. Under this assumption, deep slip rates can be estimated from coseismic slips of the repeating earthquakes [e.g., Nadeau and McEvilly, 1999; Igarashi et al., 2003; Rau et al., 2007] , providing a direct in situ measurement of fault deformation at seismogenic depths.
[4] Repeating earthquakes have been observed at a wide range of tectonic environments, such as the San Andreas fault system [e.g., Nadeau et al., 1995; Nadeau and McEvilly, 1999; Schaff et al., 1998 Schaff et al., , 2002 Bürgmann et al., 2000; Peng et al., 2005] , the northeastern Japan subduction zone [e.g., Igarashi et al., 2003; Uchida et al., 2003] , the North Anatolian fault [Peng and Ben-Zion, 2006] , the Taiwan arccontinent collision boundary [e.g., Rau et al., 2007; Chen et al., 2008] . Most of these repeating earthquakes were found at plate boundaries where the frequent occurrence of earthquakes generates a weak layer that allows continuous creeping for much part of the fault except for a few strong earthquake asperities. It is, however, unclear how pervasively these repeating microearthquakes occur in intraplate fault systems.
[5] Using teleseismic waveform data, Schaff and Richards [2004] found that ∼10% of seismic events in Mainland China were repeating earthquakes. Li et al. [2007] analyzed local and regional waveform data recorded near the fault of the 1976 Mw7.6 Tangshan earthquake and found the microseismicity along the faults consisted of as much as ∼53% similar events. They also identified a few quasiperiodic sequences and used them to constrain the deformation rate of the fault. These observations led them the speculation that the fault generating the 1976 deadly earthquake in North China, though being an intraplate fault system, is actually mature enough to develop a weak layer essential for repeating earthquake. They further investigated another seismically active region in China, Yunnan Province. Based on two quasiperiodic sequences, Li et al. [2009] obtained the slip rate about 5 mm/yr at ∼23 km depth of the Lijiang and Ninglang fault where several strong earthquakes occurred in the last ten years. The estimated slip rates at both locations appeared to be consistent with GPS measurements and geological data. In this study, we analyzed waveforms recorded by the Sichuan regional seismic network and the Zipingpu Reservoir seismic network to search for potential repeating microearthquakes along the Longmen Shan fault and to study the interseismic deformation across the fault.
The Longmen Shan Fault System
[6] The Longmen Shan fault system is a remarkable tectonic unit and geomorphological boundary. The topographic margin of the Tibetan Plateau along the Longmen Shan is one of the most impressive continental escarpments in the world: from the Sichuan Basin at 500 to 700 m elevation the land rises westward to peak elevations exceeding 6000 m over horizontal distances of 40-60 km . Influenced by the interaction between the eastward extruding Tibetan Plateau and the rheological strong Sichuan Basin, the Longmen Shan fault zone is composed of very complex structures that vary greatly along strike. A series of thrust faults were developed, which include the back-range Maoxian-Wenchuan thrust, the central Yingxiu-Beichuan thrust fault, and the front-range Anxian-Guanxian thrust fault (Figure 1 ). Different fault activities have been observed along these faults. These steeply dipping faults formed an imbricate thrust belt, and might merge at depth (Figure 1a ) to accommodate shortening along the range front. Some of the slips were differed to detachments in the sedimentary basin according to topographic and geologic maps, and industry seismic reflection profiles [e.g., Jia et al., 2003; Burchfiel et al., 2008; Hubbard and Shaw, 2009; Liu et al., 2009; Xu et al., 2009] .
[7] The Longmen Shan fault zone is located in the central segment of the North-South seismic zone of the Mainland China. The Longmen Shan seismic zone starts at Qingchuan in the north, through Beichuan, Maoxian, Wenchuan, Dujiangyan, Baoxing and Tianquan, and ends at Luding (Figure 1) , extending approximately 400 km long and 70 km wide. GPS measurements before the earthquake found that active slip rate along the Longmen Shan fault zone was very low, at a few mm/yr [Zhang et al., 2004; Shen et al., 2005; Meade, 2007; Royden et al., 2008] , or even less . This is somewhat consistent with the observed seismicity in the region. Seismicity along this seismic zone is generally restricted to small events (M < 5). Prior to the Wenchuan earthquake, the Longmen Shan thrust belt had been seismically quiet for several centuries; no earthquake with M > 7 was documented in the historical records. Only three earthquakes with M > 6 were documented, i.e., Wenchuan ∼M6.5 earthquake in 1657, Beichuan M6.2 earthquake in 1958 and Dayi M6.2 earthquake in 1970 [China Earthquake Administration, 1999] (Figure 1 ). The limited seismic activity and low deformation rate of the Longmen Shan seismic zone has led to moderate assessment of seismic hazard risk of this region. Figure 1b ) before 2008, which were also used in making the SSN bulletin. The ZRSN comprises of 7 tightly located stations (solid orange triangles in Figure 1b) , which began operating in August 2004. It was designed to monitor seismicity around the Zipingpu reservoir.
Search for Similar-Waveform Events
[9] The data preprocessing applied to the raw waveform data includes the following steps: a 1-10 Hz bandpass filter was first applied to the data. The bandpass filtered data, which were digitized by a sampling rate of 50 or 100 samples per second, were then interpolated to a higher sampling rate for differential time measurement. Interpolation was performed in the frequency domain by packing additional zeros to the original spectrum. The sampling interval of the interpolated data is 0.3125 ms, which was selected based on the uncertainty in the differential travel time measurement. The uncertainty is in principle determined by signal-to-noise ratio (SNR) of the waveform data .
[10] We first began with the search of events that show similar waveforms using a cross-correlation (cc) method. We defined similar events to be event clusters that at least one station showed a cc > 0.8. We computed the cc with a time window 1 s before the P wave to 5 s after S wave. After scanning the entire waveform data set, we obtained 6427 event pairs with a cc > 0.8 and further identified a total of 455 similar event sequences ( Figure 2 ). Figure 3 shows an example of waveforms from a similar event sequence recorded at station ZJG. These sequences include 231 doublets consisting of two events and 224 multiplets having more than two events. The total number of earthquakes in the 455 sequences is 2419, and the magnitude of these events ranges from M L 0.1 to 3.9 ( Figure 4a ).
[11] To characterize event variability, we calculated the recurrence intervals of each sequence and investigated their relationship with event magnitude given by the bulletins. We further computed the coefficient of variation (COV) of the event size and recurrence intervals in a sequence. COV is defined as the division of the standard deviation by the mean of the sequence. In general, sequences with a COV < 1 are considered as of low variance, while those with a COV > 1 are considered to have significant variations. It appeared that events in each sequence showed less variation in size ( Figure 4b ) than in recurrence interval ( Figure 4d ).
[12] For regularity in the recurrence time, the low COV distribution is referred to as the quasiperiodic inter-arrival time distribution [Wu et al., 1995] , a COV of 0 implies a perfect periodicity, COV = 1 implies Poissonian recurrence, which is unpredictable, and COV > 1 indicates temporal clustering. The observed recurrence intervals shown in Figure 4c vary from a few minutes to hundreds of days. The COV distribution of recurrence interval for multiplets shown in Figure 4d suggested a rather aperiodic feature of the observed similar event sequences. Most of the sequences lasted only a few days (Figure 4e ), indicating that they were either earthquake swarms or aftershocks. Compared to those short-lived sequences, sequences with long duration showed less variation in recurrence interval, and more quasiperiodic features ( Figure 4f ). 
Screening Repeating Earthquakes
[13] Besides repeating earthquakes, earthquake swarms and immediate aftershocks have also been observed to exhibit very similar waveforms [e.g., Waldhauser et al., 1999; Li et al., 2007] . The difference between repeating events and similar aftershock or swarm events is defined by their spatial distribution. It is likely that the similar events include both repeating events and similar aftershock or swarm events that do not occurred repeatedly, resulting in a large variance in recurrence interval. Thus it is necessary to accurately determine the relative locations of earthquakes in each sequence and to separate repeating events from the similar ones [Rubin et al., 1999; Cheng et al., 2007; Li et al., 2007] .
[14] Microearthquakes usually have fault dimensions of few tens meters, thus earthquakes within each sequence must be relocated with a high precision. This requires good azimuthal coverage of recording stations as well as accurate measurements of P-and S-wave delay times (at millisecond level). In our study region, most of SSN digital stations are situated in the eastern side of the Longmen Shan fault zone, resulting in a one-side distribution to the earthquakes occurring in the study area. We thus only chose multiplets whose waveforms showed high similarity with a high SNR to perform further relative relocation.
[15] We applied the following criteria to select multiplets: (1) an average cc is > 0.9; (2) internal inconsistency in travel time picking is < 0.5 ms ; (3) average recurrence interval is > 100 day (Figure 4f ). The internal inconsistency in delay time estimate can be regarded as an index of measurement error. Similar earthquake sequences with short recurrence intervals have been interpreted to represent a triggering or micro-aftershock process occurring on closely spaced but not overlapping fault patches. The restriction on the recurrence interval is emplaced to reduce the risk of misidentifying similar events to repeat ones. As shown in Figure 4f , most of similar sequences with recurrence intervals greater than 100 days showed a low COV, we thus used it in selecting similar/repeating event sequences. We found a total of 18 multiplets satisfying the above criteria.
[16] To determine relative location of earthquakes in one sequence, we first constructed a reference seismogram at each station. The reference seismogram is simply an average seismogram of the linearly stacked trace of all the events. It can be considered as the recording as if an earthquake occurred at the centroid of the multiplet. Then we measured the delay times of P and S waves relative to the reference seismogram for each earthquake in a sequence at all the stations. We applied the fine relocation method [Got et al., 1994 ] to obtain the relative locations between each event and the sequence centroid. Among the 18 sequences, 13 sequences had reasonable station coverage and were relocated. We further assumed a circular rupture area for each earthquake and computed the radius based on its magnitude. Details on the computation are given in the next section. All the earthquakes are assumed to have occurred on the fault plane, and we compared their relative distance with rupture sizes. We found no overlap of rupture areas within 4 sequences. The other 9 sequences (S01, S02, S03, S04, S05, S06, S07, S08, and S09 in Table 1 ) had at least significant overlap among their members. Figure 5 shows two examples of the lateral distribution of the relocated events in the sequence S01 and S04. In each plot, earthquakes are shown as a circle with a radius proportion to the rupture area. Calculation of rupture area will be described in the next section. All the events in sequence S01 overlapped with each other (Figure 5a ), while the events 1, 3, 4, 6, 8 and 9 in clusters S04 are outliers as they barely overlap with the reference event (Figure 5b ). The average magnitude of a sequence is used in computing the reference circle. The measured S-P time has an error of ∼0.3 ms, which converts to a ∼10 m error in the relative locations. We counted this uncertainty when we determine whether or not an event overlaps with the reference circle.
[17] Due to the lack of seismic stations in the northeast section of the fault, we found the 5 sequences occurring in the Beichuan region were poorly recorded. The station azimuthal coverage was not good enough to allow us to obtain decent relocation accuracy. For these sequences, we developed an empirical way based to the S-P differential time, Dt s−p , to constrain the relative distance between event pairs. We used this method to determine the event members in these sequences.
[18] As shown in Figure 6 , if the centroid of a sequence is located at R from a station, and an earthquake is displaced by Dx from the centroid,
Since all the events inside a sequence are closely located, i.e., Dx ( R, the P-and S-wave delay time with respect to the reference seismogram can calculated by Here is the angle between the vectorsR and Dx. The relative S-P differential time can be approximated as
Here g is the ratio of the P-and S-wave velocity.
Assuming V P = 6.0 km/s and g = 1.7, we obtained
When the relative distance is less than the rupture sizes, (Dx < r + r′), we consider the event as a possible candidate of repeating earthquake ( Figure 6 ). On the other hand, if Dx > r + r′ or Dt S-P > (r + r′)/8.6, then the event is discarded from the sequence. Using the measured Dt S-P , we identified 3 repeating earthquake sequences (S10, S11, and S12 in Table 1 ) in the Beichuan area.
[19] As shown in equation (5), we need to estimate rupture size in order to determine whether an earthquake is a repeating event or not. In principle, rupture size can be estimated from the magnitude of the earthquake. Event magnitude in the SSN catalog is given in Richter scale. To determine event magnitude, digital recordings were first convolved by the instrument response of a Wood-Anderson seismograph, followed by a correction of attenuation structure. As a complementary way of measuring earthquake size, and also a verification of magnitude given in the catalog, we used a spectral ratio method [Vidale et al., 1994] to determine the relative size of the events in each sequence. Seismograms of all events in a multiplet were first assembled at a given station. Amplitude spectra were then computed from a 20 s time window that includes both P and S waves. These spectra were further stacked to form a station average, which was used to normalize the individual spectrum. The normalized spectra, the spectral ratio, were computed for every station and event. The spectral ratios were reassembled on event base and were subsequently averaged to form an event spectra ratio. The relative moments are finally measured from the spectral ratios averaged in the frequency range of 1 to 10 Hz. We calculate the relative moments for all the 12 repeating earthquake sequences. As shown in Figure 7 , there is a linear correlation between the logarithm of relative moment and local magnitude M L , indicating that event magnitude in the SSN catalog is well determined.
[20] We used the moment-magnitude relationship of Abercrombie [1996] 
to convert the local magnitude, M L , to the scalar moment, M 0 . We assumed a circular rupture model and estimate the rupture radius, r, from M 0 using the scaling rule introduced by Kanamori and Anderson [1975] :
Liu et al.
[2010] measured coseismic stress drops of 323 M L 3.0-5.1 earthquakes occurring in the Longmen Shan fault zone and obtained an average value of ∼5 MPa. Thus we employed stress drop (Ds) of 5 MPa in our calculation of rupture size from the seismic moment, M 0 .
[21] Using the above two methods, we identified a total of 12 repeating earthquake clusters from the 18 similar events sequences. The 12 sequences included 77 earthquakes, which account for 1.5% of the total seismicity (5246). On the other hand, we identified 231 doublets and 224 multiplets that include a total of 2419 events. This may suggest that almost half of the seismicity occurs in regular patches.
[22] We noticed that in each sequence the occurrence of the earthquakes are rather aperiodic, and there are also significant variations in magnitude (Figure 8 ). This irregularity may reflect the complex nature of slip behavior within the fault. As noted before, the SSN was evolving from a 14-station to 29-station network. Thus the irregularity may also be caused by misidentification of repeating events in each sequence. The problem is twofold: some of the similar earthquakes could be mislabeled as repeating events, and some of the members could be overlooked, because of the difficulties in determining the accurate locations and sizes of the earthquakes. The latter could lead to an underestimate of the actual slip rate. Repeating intervals tend to drop significantly, leading to very high estimates of slip rate after major earthquakes [e.g., Schaff et al., 1998; Taira et al., 2008] . The observed high slip rates here are, however, unlikely to be biased by this post seismic effect as we didn't include any aftershock data in this study. It will be interesting to see whether and how the repeating-earthquake properties of these 12 sequences changed with the M7.9 Wenchuan earthquake.
Relocation of the Background Seismicity
[23] Event locations in the SSN catalog were routinely determined from picks of P-and S-wave arrival times. The relocation method used is hypo71 or hypo2000 with a 1-D velocity model comprising two flat uniform layers. Typical error in location is in the order of a few kilometers to a couple tens of kilometers. It is thus necessary to relocate the repeating earthquakes for further analysis. To relocate earthquakes with an improved precision, we first employed a 6-layer 1D velocity model derived from Depth Seismic Sounding (DSS) profile studies [Zhao et al., 1997] and used hypo2000 to re-determine their absolute location. We then used the double difference (DD) method [Waldhauser and Ellsworth, 2000] to better relocate the relative locations of the entire seismicity. The DD method minimizes residuals between the observed differential times measured from pairs of earthquakes at each station and those calculated times. Instead of locating each event individually, the DD method is designed to derive a set of locations that best fit the relative travel times among the entire seismicity, especially when accurate differential travel-time data are available from waveform cross correlation.
[24] We calculated the cross correlation and the differential time in the time domain using a 1.1 s time window (0.1 s and 1.0 s before and after the onset of the P wave, respectively). To ensure the time window is correctly selected, we manually picked P wave arrival times from waveform data with high SNR. We also manually verified the catalog picks of P wave and S-wave arrival and replaced these picks with more accurate ones. We imposed a threshold of cc > 0.7 in selecting event pairs to calculate the differential travel times for DD relocation. These high quality differential travel time data were added to the refined bulletin data recorded by the digital stations and analog stations in the DD relocation analysis.
[25] The relocation of hypocenters of the microearthquakes further requires a suitable velocity model. As mentioned above, the Longmen Shan fault zone is located in a sharp boundary between the Tibetan Plateau and Sichuan Basin. The two tectonic units differ significantly in geologic and seismic structure. Many studies found substantial differences in crustal thickness and seismic velocity between the east and west sides of the fault zone. For example, crust underneath the Plateau side is ∼20 km thicker than those beneath the basin. This could cause significant location error when a 1D velocity model is used in calculating travel times. We thus employed two 1D velocity models in relocating the earthquakes with the revised hypoDD code [Huang et al., 2008] . The two 1D velocity models were shown in Table 2 . We used them to calculate travel time for stations located in the two sides of the fault.
In Situ Measurement of Deep Slip Rates
[26] Nadeau and Johnson [1998] estimated moment release rates at the Parkfield section of the San Andreas and found that the determined slip rates are in good agreement with geodetic measurements of tectonic loading rate along the fault. The identification of 12 repeating sequence along the Longmen Shan fault zone thus provides a unique opportunity to estimate the in situ slip rates at seismogenic depths.
Once the rupture size was estimated, the coseismic slip can be calculated from the estimated seismic moment (M 0 ) and rupture size (r):
[27] Here the shear modulus m is taken to be 3 × 10 10 N/m 2 . We obtained annual slip rate using a linear regression of the cumulative slip for each repeating event sequence.
Results and Discussion
[28] The estimated slip rate varies from 3.5 to 9.6 mm/yr, with a mean and median of 5.8 mm/yr, and 5.3 mm/yr, respectively (Table 1 and Figure 9 ). The uncertainty in measuring slip rates is estimated to be from 0.2 to 2.2 ( Figure 9 ). We found that the standard deviation of the estimated slip rate decreased with duration, indicating that the slip rates estimated from repeating earthquake sequences with a short duration are less accurate than those of the long-lived sequences.
[29] The estimated slip rates depend highly on the assumed empirical relationship between magnitude (M L ) and moment (M 0 ), as well as the assumed value of coseismic stress drop. For comparison, if we use Hanks and Kanamori's [1979] (HK) empirical relationship (log (M 0 ) = 16.1 + 1.5 M L ), Figure 8 . Occurrence times of the earthquakes in the 12 sequences. Symbol size is proportional to magnitude of the earthquakes. the estimated M 0 for a magnitude 0.9 and 2.8 events is, respectively, ∼40% lower and 400% higher than the values computed from equation (6), leading to a ∼20% smaller and 70% larger estimates in rupture radius, r, using equation (7). Since we used rupture radius in selecting repeating events, different estimates in rupture radius could lead to dissimilar assessments in sequence members. For example, with HK M L -M 0 relationship and a Ds = 3MPa, sequences S04, S05, S07 and S09 have one more earthquake (Table 1) . For comparison, we also showed the slip rates of the 12 sequences estimated from a combination of HK+3MPa in Table 1 . It appeared that within the uncertainty range the two estimates agree pretty well with each other. [30] In order to determine spatial correspondence between the identified repeating clusters and the asperities within the Longmen Shan fault, we used a modified double-difference method to relocate the entire seismicity, as described in section 3.4. The relocated hypocenters of the repeating earthquake clusters are listed in Table 1 . Lateral distribution of the clusters is shown as blue stars in Figure 10 . Figure 11 shows the depth distribution of the repeating earthquake clusters along the strike. In general, the slip rates located in shallow area are lower than those in deep area. The highest slip rates are found on the deep portion of the fault, at a depth range of 13-18 km.
Spatial Distribution of Repeating Earthquake Clusters

Relationship With Coseismic Slip
[31] Finite-fault slip inversion with teleseismic waveform data showed that major rupture of the Wenchuan earthquake occurred near Wenchuan and Pingwu areas with a maximum slip of 6-9 m (C. Ji and G. Hayes, Preliminary result of the May 12, 2008 Mw 7.9 eastern Sichuan, China earthquake, 2008 , http://earthquake.usgs.gov/eqcenter/eqinthenews/2008 / us2008ryan/finite_fault.php?, hereinafter Ji and Hayes, online data, 2008 (Figure 11b ). Some moderate coseismic slips were observed beneath the Beichuan area. On the other hand, rupture was found to be limited within the uppermost 20 km of the fault zone. We found that most of the repeating sequences are located at the edge of areas where large coseismic slips were observed (Figure 11 ). For example, 6 sequences were identified in the Wenchuan area and they are located at either the upper or lower edge of the first sub-event of the earthquake. Three clusters were found in Beichuan region, which showed the same feature. Most of the 12 repeating clusters are located in the Wenchuan area and surround the major rupture zone. It appeared that large coseismic slips near Wenchuan area were supported not only from seismic data, but also from geodetic data (Figure 11b ) [Shen et al., 2009] . We thus believe that the observed spatial correlation between the coseismic slip and repeating earthquakes is a robust feature.
[32] The areas with large coseismic slips are known as asperities and locked during the interseismic deformation. The surrounding area, on the other hand, is believed to be relatively weak and may undergo significant aseismic slip between major earthquakes. The repeating microearthquakes thus may represent a few small strong islands in the weak area (Figure 11c) . Igarashi et al. [2003] found the same spatial correlation between repeating microearthquakes and asperities of major earthquake at the northeastern Japan subduction zone. Mapping the spatial distribution of repeating earthquake thus provide a way to constrain rupture area for impending earthquakes.
Relationship With Seismicity (b-Value)
[33] Gutenberg and Richter [1944] found that the earthquake size distribution in California follows a power law. The slope of this power law, the 'b-value', is commonly used to describe the relative occurrence of large and small events. Laboratory studies [e.g., Scholz, 1968] found that b values are inversely dependent on differential stress. Recent studies [e.g., Schorlemmer and Wiemer, 2005] confirmed this dependence from field data. We computed the b-value distribution across the Longmen Shan fault zone to see whether there is any spatial correlation between the b-value and the distribution of repeating earthquakes.
[34] The catalog we used to calculate b-value distribution includes a total of 15855 events with M > 1.0 recorded by the SSN between January 1980 and December 2007. We divided the study area with 0.1°× 0.1°grids. For each grid, we collected earthquakes within 20 km and used a least square technique to compute the b value if there are more than 100 earthquakes were found around the grid. The estimated b values across the Longmen Shan fault zone are shown in Figure 12a . Two low b-value regions (red color), one at the northeastern end of the fault zone near Pingwu and another in the middle between Mianzhu and Beichuan are clearly shown in the map (Figure 12a ). The Pingwu low b-value zone coincided with a large coseismic slip area (Figure 12b ), while the central low b-value region appeared to have a low coseismic slip during the Wenchuan earthquake. Thus there seems to be no simple correlation between low b-value and high coseismic slip area, as observed in other region [Schorlemmer and Wiemer, 2005] .
[35] The b values in the southwestern segment of the fault zone are relatively high compared to the other segments. It is unclear to us whether this reflects the nature of seismicity, or this is rather related to the network detectability. We noticed there are more seismic stations around the southwestern segment of the fault zone (Figure 10) , allowing a better detection of relatively small events that may result in a high b value. For this reason, we also used a more recent catalog (2001 to 2008) , the one we used search for repeating events. We simply divided the seismicity into two depth Figure 10 . Map view of the repeating earthquake sequences (blue stars) and seismic stations used in relocation (triangles). The green triangles and red triangles represent two groups of stations. Each group shares one velocity model used in hypoDD relocation. Yellow circles indicate the seismicity in study area.
groups (>10 and < 10 km) along the SW segment of Longmen Shan fault. The b values were computed every 15 km for each group (Figure 12b ). For comparison, we also showed the coseismic slips obtained by Ji and Hayes (online data, 2008) in Figure 12b . It appears that there is a negative correlation between the b-value and coseismic sip, which agrees with the observation of the 2004 M6 Parkfield earthquake [Schorlemmer and Wiemer, 2005] . We also notice that all the 12 repeating earthquake sequences are located within high b-value regions. As high b-value regions are areas prone to small earthquakes, the fault strength may be relatively weak in these regions. This appeared to be consistent with the observation that repeating earthquakes tend to occur near the edges of strong asperities associated with major earthquakes in a fault.
Conclusions
[36] By cross correlating waveform data recorded by local seismic networks, we found a total of 445 similar earthquakes sequences including 231 doublets and 224 multiplets along the Longmen Shan fault zone where the 2008 M7.9 earthquake occurred. After relocating the relative locations of earthquakes in each multiplet, we identified a total of Figure 11 . The estimated slip rates are shown together with (a) the coseismic slips inverted from teleseismic waveform data and (b) the coseismic slips inverted from geodetic data. The color scale of slip amplitude is given on the right side of the map. The size of crosses is proportional to the slip rates. (c) A schematic diagram showing the distribution of repeating microearthquakes and asperities of major earthquakes.
12 earthquake clusters that showed quasiperiodic features of the so-called characteristic events. Most of the sequences are located at the edge of areas with large coseismic slip during the 2008 Wenchuan earthquake. The areas with large coseismic slips also appeared to have low b values. We further used these repeating events to estimate in situ slip rates of the fault at various depths where the repeating earthquakes occurred. Slip rates estimated from the deep clusters tend to be larger than those from the shallow ones. The highest slip rates are found at a depth range of 13 to 18 km. The measured slip rates at depths are about twice as large as those obtained from GPS and geological data. The large deformation rates observed at depth may explain the odds about the occurrence of the unanticipated Wenchuan earthquake. Our observations of repeating earthquakes along the Longmen Shan fault have significant implication in assessing risk of seismic hazard along a fault in terms of constraining the size and recurrence interval of impending earthquakes.
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